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Suppressed carrier bit!aty phase-shift keyed (ilPSK) sijwalliw is cwrcnt!v bcitf.c
cottsidcrcd as o dcs(sl ahcrt)atiw fbr furwc DSN tclcmcfry itl rite nulltittw.cabit nwc.
Carrier rracking of sttclt st@ra/sis wtally achicrcti by a Cosras ioop, as opp( Mc,i r[> the
oriiinary phase lock ktoi~. A Costus loop cai)ablc of cictttodttiathtg BPSA’St@OIS ~$’itlt Liata
rates up to I Msps itas bcctt designed ami consttucrcd ami irs Diwplcr rrackiw
i)cr~orma) we with rcsi)cc: to a Bit Yck Ill rcccirer has been !cstctl ar III c Tcic.
ct~tttt~lrtltit”ori(~!tsDcvclopntcnt l.aboratoty ( TDi.). The pwiwsc of these c.vpcrimcnrs is t<>
itl rcsri.qarc the cotni>atibility of sttppresscd carrier sigtlalling wirh tire cwrcttt racii<~ttk’!ric
s.vsrcm: spccifica[(v DOppicr trackiltg and ratt.cittg. 77tis article liocwnctlts rhc c.vpcri-
mctttal results obtained to-date witit respect to Dopi)ler tracking.

1. Introduction
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A sc;llcd.duwn vcrsiors of [he Costas loop tkrt will be

implemented in the multimcgdbit Ielemclry &modululor/

dcIccIor (hlTDD) has been designed and constructed. The

symbol r:ites of the hlTDD r~ngc from 100 kilosymbols pcr

second (ksps) to 30 Incgwymbcds pcr second (i!sps) (Ref. 2).

The Cos(:!s loop described here is capabtc of dcmoduktting

fIPSK signals with data rates up 10 I hlsps only, A tlctail

t!cscripticrn of this Costos loop is docurncrrted in Ref. 3. This

loop IMS been tested with respcci to the Block Ill rcccivcr w

TDL. So far, the tests performed concern only Doppler

tr:wking. Four cxtfcgorics of Iests IMvc been pcrfurmcd, The

first “category consists of design vcrificulions of the C’osItis

demodulator, This consisted of measuring the loop’s rms plussc

jitter ml stmdy.state plursc error’ at assumed Doppler contli.

lions and vnrious symbol SNRS (S7’/No). Their sensitivities

wilh respect to skrla pflttcrn and data rate variations were

invcs!ig:lted as were the loop’s frequency pul14rs time and

pu]l.in rmgc. The pnll.in time isnd range tests serve only to

verify the slcsign. since sweep acquisition is planned in the

hlTDD unif.

The sccoml category of tests consists of long-term stability

tests of the C’osIas loop in the TDL envirortmcnt, which

closely approximates tlurt of the DSN stations. The third

cotcgory of ~Mts was designed to test the variations in the

phase of the Cosfas loop’s reconstructed carrier due to

Doppler offsets and the effects of asymmetric pussbjnd
fillcring in Ihc receiver front end (e.g., the nuser amplillcr).

TIIC fourlll c:ltcgory of tests was designed to investigate the

pcrfornwncc of the Costm loop when used for carrier rccovcry

of rcsidu~l corrier sigrxrls with tin 80-deg n~odu[ation angle MCI

with daIti on a sqwtre.wm subcarricr. The Voyager spacecraft

transmits signals of Ibis type.

The ICSI results obtained irt the TDL with respect to these

tests arc documented in this paper, These preliminary results

indicate that there is no noticeable incompatibility between
the current radio metric system ant! Cosms loop demodulation

of suppressed cwricr flPSK sigtmlling, m for as Doppler

tr~tking is concerned. Of course, further testing has to be

perfornwd with respect to ranging accuracies.

Il. Description of Test Configurations

The Telccorltlltltnications Development hboratory (TDL)

was employed to test the performance of this Costas detnod.

ulator. The TDL contains the equipment neccssmy to generate

UPSK signals at S. and N.band, Block Ill and Block IV

rcccivers, Dopider exlrsctors, and the capability to perform

~ut(vnotcd phase dsta gathering and analysis. The Block Ill

rcccivtr wtis selected over the Block IV receiver for our

mcimurcments dud to Iusrdwarc problems in the Block IV

during Ihc test period.

Figure I indicxrlts the conligurdrion uwd II) g,wtwlc IWSK

S.b~rsd signu!s. The DJIJ RJtc Synlhcsiicr ;tnd Subd:trricr

Gencnstor we locked to the Frcqucnq’ untl Tinling SIlbsyslclll

(FTS) tkrt provides rcfcrcncc Ioncs for tlw TDL. The D:it:l

%tc Syt!thcsizw and Subcorricr Gcncr:llm ~rc m;IIIu:Illy

pr~grat!!t!!cd to the &sired d3t3 r~fd 3ftLi stth’~lrrier irL’lll!L’t)L”)’.

respectively. The ~Jta p~tlcrn Gcncr:llor is m:In IIully WI I(I

either a PN scquetwe or a switch sclt’cled tlot3 p:lltern. Eilhtr

1114 modulated suhcarrier or the duta pattern itwlf m:ly bc

selected to nwdu13tc lhe carrier.

The lllock Ill Exci!cr is 31s0 shown in Fig. 1. TIw csciltr

output is monitorctl by a frequency counlcr 10 prtlvidt

equiwrlcnl Doppler infornut!ion (frcqm’ncy counted X W! =

carrier frcqwrcy at S band). The signal Icvcl to Ihc nmdulutor

is varied to adjust for the thwired twrrier suppression. Tlw

output from the translator circuil is the S.b3nd duwnlink

signal.

Figure 2 depicts the rcceivcr end of the contlylr~!ion. TIN

S.bwsd sigmrl is attcnuattd to a desired Icvcl bowd on Y fs,-t{v

nlcmurcment$ rst the SO Kll{z IF output, The output from lhc

10.hlIlz IF is fcd to a narrowband nleawrcmcnl systcm tt~

nwasure the carritr suppression by ttsting tlw p~nvtr ~t [lt~”

ctirrlcr frcqucrwy with and wilhou{ modul:ltion, Tlw 10.\ll 1/

IF output drives the Block Ill rocciver conlrol loop ml IIW

CostM control loop, TIN Block Ill rcccivcr VCO is tlriwn by

either loop by conncc[ing the appropri:llc c:lblcs.

Dctoil tlrscrip!iuns of the Cost M Io(qt tlcsipl con bc found

in Ref. 3. For the prticukrr loop th~t wus inlendcd only ((v

testing purposes at TDL, no autom~tit g:]in control circuit W3S

provided. The ntanttal gain control (\lGC) in the Block Ill tvm

therefore used in testing this CosIas loop.

Figure 3 shows the data acquisition Ixsrdwarc. Tlw Doppler

extractor is fed by the cxcilcr and receiver oscillator outputs

(each tripled), The extractor simulates the up and LImvn

conversions as well as the spacecraft trwss}wnder. The sign~ls

are rnixcd to SO hltlz (in lock), divided by 4. and ctmlplcs

mixed against 12.5 hlllz IO provide a phase error/4 si$n:ll ml u

plwsc error/4 + 90 deg signal. These signals are id [(1 t \ro

mmlog.to.digital convtrlers (.A/D) that are conirollcd by 3n

Altair 8S00 microcomputer, The SS00 is initi:llizdd h!’. tind

transmits digital inform~tion to. a hlodcomp II ll~illic(~tlll~tlter.

The soflware m)ail~blt at TDL has the copobilily IL) provide

mean phase (for Iongterm stability) and plursc jilter (for rms)

analyses.

iii. Performance Verification Tests
The first scl of tests performed w~s intended 10 Wrify Ihc

predicted pcrfortmrrwe of ihc Cos[as loop design.
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ftcforc inslulling the C’ostas loop in (Iw TDL, the lutrsfw~re

wos Icstwl will] simuluted, noise.free sigrusls, A 10. NIIIz

biphtise modututcd suppressed carrier signal was generated

with tltc cquiptncnt shown in Fig, 4, The frequency and pktsc

of the 10. MIIz curricr oscillator W?JSconlrokl by the COSIM

loop Ilurdworc, In particular, pult.in time of the Costirs loop

WJS measnrcs! by slcpping Ihe Gtrrier frcqllency Oscillator in

known incrcnwsts. Rcsuhs of these tests arc shown in Table 1.

Also shown in Table I are the theoretical predictions on these

pull-in times, which we derived in Ref. 3. The pmticulw loop

design witil o rcccivcd (iota rstc of 100 ksps (Ref. 3) was us.ctl

in obltiining Ihc tcsl cksla shown here.

As shown in T;lble 1. reasonfihle agreement in the pull.in

time performance bctwccn predictions and nwissurements were

ohtuined, Also metisurcd was the pull.in range of the loop, Tile

ntcirsurctl pull.in rmlgc was wound 1000 I Iz, The predictctl

pull.in rungc is 894 IIz (Ref. 3),

Aflcr IIIC COSIM loop WM installed at TDL, interfacing with

the 10. NIIIz IF of the Block Ill receiver, its performance was

tcstctl in Ihe prcsencc of thertnul noise and oscillator pktsc

inst:lhili[ics. To verify its pcrform:mce, the rms pkrsc jitler and

slcaLJy.sltilc plusc errors of the loop were first tested m

functions of Ihc fotkswing wri~blc$:

( I ) D3tti Iutterns (PN or square wove)

(2) Duta rotcs (100 ksps to 1 hlsps)

(3) Symbol SNRS (from -4 dB to +4 dB)

‘fhc rtns phrsc jiller of the CostOs loop SVJStested with the

conligur:ltions slwwn in Figs. 1, 2, ml 3. Figure S shows the

rms phmc jilter of the loop as ST,IA’O incrcascs from -4 to +4

d B. The loop wus s!csigncd for the 100 ksps d~ta rate. Test

results for both PN and square wiive ddta arc shown, The

rcsulls shown in Fig. 5 dcnwnsturtcd good agreement between

prcclictccl und nwosured pcrfornvmce. They also denlonstratccl

that the loup”s pcrfornusnce is prircticslly inscnsilivc to

whctlter the dots pdttern is PN or sqwtre wove. Agrccmcnt

be!wccn predictions and nlcmurenwnts we belter at high

ST/iVos Ilurn at low ST/NOs. This cwt bc attributed to the

ctTccts of oscillator phuse instabilities. since. at low ST/Nos

sign~l suppression sfue to file Iurrd.limiter in tl~e in.plxtse

ckrnncl (Ref. 3) of the Cost M loop is more severe. resulting in

nnrrowcr loop Iwndwit!ths and l~rgcr phase jitter due to

oscill:ttw plutse instnbili!ics. The performance predictions

Sivcn in Ref. 3 trc;ltcd the effects of thcrtmtl noise only, while

tllc oscilkrtur phme noise eftkts were neglected.

Figure 6 shows the rms pl13se jitter of the Ihrce loops

designed for d~ta r~!cs al 100 ksps. 250 ksps, and 1 hlsps

rcspccliwly. as funclimrs of ST/A’ ~. By dcsiyt, the thcorctiul

pcrfortwrnce of lhcsc loops should bc itl~vtli~wlc lllwv~cr.

nw3surcd results slksw 11101 tllc ph;lw jillcrs t)( IIlt l~NIps :11

Ilighcr dots rutcs arc ktrgcr Ilwn [host of the Iowtr LI:IIO ro[c

casts. This is due ksrgcly to IIW inlwrenl Ixlndlimi[ing t!f IIIC

complex mixer (Ref. 3). In nddition. this m:ly ~ls(~ hc due.

though much less signitlctnlly. to Ihc d:ilu gcncr310r lII;I1

gcnerutes Icss perfect waveforms :11higher d31Jr:llrs. Xcilllcr

of these effects W:IS includctl in the an~tysis rcp!rtcd ill Ref. .;.

Ncvcrlheless. FJir :Igrcemcnt still exists between nw:lwrcmcnl,

and predictions.

[n AIition to nns plutse jillcr, lhc Slcody.slolc pll:lst error

of the CostOs loop in the presence of a 2.kllz Doppler ofiwt

wiis also nwasurcd for S7’/Nos rtitlging from -4 to +4 J B.

Figure 7 shows the steady .stotc phase errors of the Lsops

designed for 100 ksps and 250 ksps rcspt’ct ivcly. with ;I

Doppler offset of 2 kllz. It is s)bscrvml from Fig. 7 IlctI Ilt,’

nwrsurcd steady .sttitc plwsc error of Ihc loop rccciving 100

ksps daIO is in betwr agrccnwnt uith IIW{MY Ilum IIMI of the

loop rccciving 2S0 ksps. This is ayin tluc t(l :Idditi,vl:ll

bundlimiting in tlw complex mixer. which is not uccountcd ftlr

in tlw an31ysM, and which inlrmluccs mldili(m3i si~n:il

suppression in the loop error signul.

In the actwtl design of the Costas loop in [Iw llul[inwg;l.

bit Telemetry ~tltodlllutor/Dctcctt~r. Ihc mixer Iwntltvidth

will be sclcclcd much wiclcr tlurn tlw J31:1 role to minimitc this

Cffcct .

IV. Long-Term Stability Tests

To qwtntify the cffccls of tcnlpcraturc v:]ri;llious :Ind

oscilkrlor long4crnl ins[;lbililics on Ihc rcconstruclml c:lrritr

plurse,a Iong.!crnl st:lbility test incsccssof lf}l}~)llrsl]:tsbcctl

performcsl on the Costas loop. The test cc>llfi~llra!i(ltlivustl]c

some 3s the! described in !Wion 1. The Costos !(WP tro~.ks o

suppressed carrier BPSK signal with 1’S d:lt~ ~t 100 ksps. and
at a .$T/lVo of 4si B. l%c loop Ixlnclwidth w~s 110 11/ in this

case, The values of the reconslruuted c:trricr idurw ~vcrc

recorded and are i!lustroted in Fig. 8. Each rcwwdcd VJIUC O(

the reconstructed cmricr plulse corresponds to 3n wcr~gc (If

10,000 sotll}llc$ oftlle Dop~\lcr extroct~>r utl[l~lll, s~llll~lil}S:lt it

rate of 55 ms pcr smple. Over the 1(} hours of obscrv:ttion.

the reconstructed cflrricr plursc of the Coslos 100i) ivm

observed to vary not more ttutn 17 deg. Tl}isis\vcli \vi[llin its

error budget. In terms of transiwrt dci~y.~ 17.dcg ph~wsllif!

corresponds only 10 a dis!dnce nwvcnwnt oi7 nm} ~1 S.lkmd.

alldcorrcsponds toallevctl slllallcr llluvtlllcllt ~t X.l13nLI.

At another test, the current Block Ill rcwivcr”s rcsitlu:il

carrier loop wts IISCd 10 trwk a rcsidw]l c~rricr sign.tl tvilll
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nwdulotion unglc O = 80 dcg and 100 ksps dots on it 360.kllz

squurc.wuw subcurriw, at a ST/NO of +4 sIB. A Iong.term

stobility ICSI over a 60410ur period was performed. The

rcconslructcd pktse of [be residual carrier loop was .agitirs

rccorclcd anLI tbcsc data are illustrated in Fig. 9. The tbresbold

loop bandwidlb setting wos 12 IIz in this case. [t was observed

tlmt Ihc rwmslructctl p!wsc of tbc carrier varies over a range

50 dcg in Ibis pdriocl.

Since these pkrsc variations depend upon the room

tcntiwtiturc, no l!ct;nilc conclusion ciIn re311y bc drawn in the

ubovc mcnlionc~ sample.of.onc Icsts. More tests 3rc p13nncd

in (IIC future. Ncvcrthctess it can be s;tid tbot the phase.shift

v:lrifition of tbc Costas Ioop”s reconstructed carrier on a

lon~term bosis is not my worse than that of the current

rcsiduol curricr loop in Block II 1, when botb loops arc

opcr:tted XI IIW TDL environment.

V. Tracking of Residual CarolerSignals With
Data Modulation On a Square Wave
Subcarrier

I{csidmtl cvrricr sigmrk are commonly UWSI in IIW DSN. For

example, Ihc Voyogcr return telemetry uscs it modulation

mlglc of .S0 dcg and skrta is rttodulated on rs Squ:tre.w:tve

subcorricr ;It .160 kl Iz. To track this type of sig.n~l. Ihc arm

filters of tlw CostO loop Iwve to bc bandpms tlltws wound IIW
subc; lrricr frcqlwncy 10 wbicvt optimum tracking pcrfor.

muwc. TIN prrdictcd pcrfornumcc of [hc Cost:m loop :Ind the

Iwndpxw :Irm filler design for Irding this type ot’ sign:ll ;Irc

kntwll.

TIIC ICSI rcsul!s of Ihc R\lS pkssc jitter of IIIC C’OSIM loop

\vhwt usml 10 lr:tck a rcsiclual carrier signal \vitll 3 nmdulotion

onglc of O of SO dcg and it subcorrier 01 3.6 !imcs the tkrtti r:ltc

of 100 ksps tire shown in Fig. 10. The arnl tiltcrs uw.d in this

c:w’ ~rc RLC b:mdpms tlltcrs tentcred at tbc submrricr

frcqutncy. The low-pass cquiwrlcnts of tbcse tlltcrs Iutvc a
OnC.pOIC Rc cll~r:lclcristic. and the tsnc-sided txrndwidth of

this Iow-p:lss ch~roctcristic is chosen to bc at twice the dtita

role. /\lsil Sll(nvn in Fig. 10 :trc rbc rms jilter nlc:mrcnwn!s of

Ilw Ctxt:ls loop” used 10 truck a suppressed csrricr sign~l (O =
90 dcg) \\,illl 100 ksps dots 01! tllc corricr, Colnpu ring tbcsc

two rt’suits. it is observed 1!131 Ibc rms pbme jitter 0( Illc

ctxt:M l,wp tr:lcking of tbc rcsi~uul crrricr case is about 1.dll

w~lrsc tll:lll tlmw of the suppressed corricr cow. This is in fair

:lyi’cmcnr \villl tlw :Ino!ysis.

tracking is seen to be bctlcr tlun IIIC existing rcsidutl c:lrricr

tracking over lhc entire rongc of ST/,Vo from -410 +4 dll.

Vi. Tests on Asymmetric Bandpass
Fiitering Effects
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mnximum do[o KItC of 30 kll Iz. In Ibis CMC, the Dopi>lcr of[sct

of It;llf Ihc d:Ila rule will amount 10 I 5 hlllz. In olhcr words, it

\viii [okc ti Dopptcr offset of around 15 hll Iz 10 introduce o

37-dcg shift in lhc rcconslrwlef.1 urricr of the Cos!m loop if

the maser pussbwtd ch~ractcris!ic can indce(l be approxinl~tcd

by tilis two.po!c Tciwbychcff clusracteris!ic, Since rculistic

Doppicr offsets orc not greotcr than I Mllz, this will imply

tll:ll tile i?hdsc shifts in the rcconstruclcd cwricr isrc nol a

scvcrc problcm if wc Iusvc a wide bwdwicllh mnscr.

Vllo Conclusions

A CostM loop IKIS been Wiylcd. c(mstruclctJ, LInd ins[:litcd

in the Block Ill rccciwr 01 TDL. IIS puriwsc W:IS l{) invcs!iylc

Ihc compatibility of (’0s1:1s loop tlclll(~tllll:ltic~ll oi wi~iwswd

cwricr BPSK tclcnwtry with the current ruclio nwtric systcln in

the DSN. Initial tests wi!it rcsiwct to Doppler !rm.king indi~”:ltc

no noticcabic illct~lll~~:llil~ilitics. \l,jr~ lcsts :Irc pi:Inncd \vitll

rcspccl 10 ronging conlp3ti[~ilily.
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